This paper is part of an evaluation of fatigue cracks in a crane runway girder with full penetration welds between the web and flange. The fatigue analysis of this actual crane runway girder is described in [1].
Introduction
This paper is part of an evaluation of fatigue cracks in a crane runway girder with full penetration welds between the web and flange. After 20 years of service fatigue cracks were observed which were initiated at the transition of the toe of the full penetration weld with the flange. The observed cracks in the crane runway girder vary in length from a few mm to 330 mm with a summation of the lengths of all observed cracks being 750 mm, on a total length of 56 000 mm, thus being only 1.3%. The fatigue analysis of this actual crane runway girder is described in [1] . Although the external loading by the crane wheels is in compression, due to the residual tensile stresses in the outer layers of the welds the stress ranges at the critical notch locations at the weld toes are in tension, resulting in the observed fatigue cracks.
The research in this paper deals with additional experimental tests on equivalent welded I sections to investigate whether in multi-layered welds cracks stop or nearly stop when they have grown through the residual tensile stress field.
A test set-up with a rolling wheel with relatively high loading would result in a complicated test set-up with a low test frequency and consequently would be extremely expensive. That is why tests on a scale of approximately 1:2 have been carried out with a fixed wheel compression loading and with a line loading. Furthermore, smaller scaled test specimens would result in less weld layers and in considerably different residual stresses. This paper deals with the test results of the tests with a line loading These results are compared with those which became recently available from the German AIF/Fosta research program [3, 4] by the University of Stuttgart. All other literature studied, only provides qualitative information but not evidence directly related to this subject.
Behaviour under a rolling wheel vs. that under a concentrated load and a line load
As extensively discussed by Kuhlmann et al. [3] and Euler and Kuhlmann in [4] and shown in Fig. 1 , a rolling wheel on a crane runway girder produces for a particular location a normal stress range σ z and an additional local shear stress range Δ local . This results, for every wheel passing, in a shift of the direction of the principal stress. Therefore, Kuhlmann et al. [3] state that the summation of the individual damages for normal stresses and shear stresses as used in EN 1993-1-9 [5] and EN 1993-6 [6] is not appropriate for the non-proportional multi-axial loadings as occurring under a rolling wheel. They report [3] that their tests related to the normal stress range  z only, based on the effective width given in EN 1993-6 [6] and ignoring the shear stress range, results in class 92 N/mm 2 at 2x10 6 cycles for welds with no full penetration.
Under a concentrated wheel loading the local shear stresses  local at both sides of the concentrated load are proportional to the normal stress range σ z but the maxima are not occurring at the same location. Further, the local shear stress range Δ local according to 1993-6
[6] will be equal to 0.2 Δσ z for a constant wheel load which is half of that under a rolling wheel. Since under a concentrated wheel loading the load is concentrated at one location and the cracks grow into a lower-stressed area, the crack growth in length direction will be slower than that under a rolling wheel, resulting in a better behaviour compared to that under a rolling wheel.
In case of a line load the stress σ z is continuously perpendicular to the weld toe with the web.
Although the induced shear stresses due to contraction at the weld toe with the flange will be different from that under a rolling wheel, the effect of the shear stresses is expected to be small, see [1] . If the normal stress  z under a rolling wheel is based on a representative effective width the class can be related to that of a detail with uniform loading which agrees with the philosophy used in [7] .
Test specimens
The I-beam specimens shown in Fig. 2 are on scale of approximately 1:2 and were made in such a way that both the top side and the bottom side of a specimen could be used as a test location. The test specimens for the line loading tests had a length of 250 mm which was taken somewhat larger than the maximum crack lengths of 220 to 240 mm which occurred in the 8 concentrated wheel load tests.
Since the crane vessel [1] was built in the 80's, some steel types were no longer available.
However, the steel types for the test specimen were selected in close cooperation with the steel suppliers to obtain steel characteristics (yield and tensile stresses) close to the original types, although the way of manufacturing could not be checked. The dimensions, steel grades and qualities of the line load test specimens are given in Table 1 .
The welding procedure specification (SMAW process, electrodes, layers, preheating temperature) for the scaled full penetration welds of the web with the top and bottom flange was carefully specified. Since in the actual crane runway girder For comparison with the results of the specimens with wheel loading, in each line load specimen one location (bottom side in the test rig) was provided at both sides of the web at the weld toe with the flange with an artificial defect whereas at the other location (top side in the test rig) had no artificial defects.
load tests [2] where the first two tests did not show cracking, even after 10x10 6 cycles. These specimens were therefore provided with artificial defects and retested. The artificial elliptical shaped defects at both sides of the web were made by the electrical discharge machining method. The sharp edged artificial defects were 20 mm in length with a maximum depth of 2 mm, and 0.5 mm wide under an angle of 10º with the flange, see Fig.3 . Based on the inservice inspections the angle of 10 was chosen.
Test Rig, Testing Procedure and Measurements

Test rig
The test rig, shown in Fig. 4 , consists of 2 welded box section columns provided with holes and supporting blocks to allow heavy welded U beam sections to be fixed at the required levels. The jack applies a pushing force in upward direction.
As shown in Fig. 4 the specimens are loaded simultaneously at the top and at the bottom.
At the location with artificial defects (bottom side in the test rig) the load was introduced by a straight loading block, at one side with the same cross section as the wheel. At the location without artificial defects (top side in the test rig) the load was introduced by a flat thick plate above the rail. The load range -1.05ΔF to -0.05ΔF was close to that in service, i.e.: -ΔF to 0.
Testing Procedure
Since the welds at both sides were not perfectly the same and the flange thickness also varied, positioning of the specimen and the loading block was generally carried out using auxiliary adjusting devices. This was done in such a way that the strains in the web at both sides at approximately 0.5t w , 0.8t w and 1.5t w from the web weld toe (with t w = web thickness)
were about the same, taking account of the exact location. Further tuning was performed by increasing the loads in steps and adjusting the wheel where required. In this way the specimens were loaded at three pre-loading levels of approximately 1/3, 2/3 and 3/3 of the planned maximum compression load level. After this static tuning procedure, on each specimen three dynamic load tuning tests were carried out at a frequency of 0.1 Hz, 1 Hz and 3 Hz, each during about 20 cycles. After this tuning process the specimen was ready for testing.
Measurements
The following data were recorded:
-the actual dimensions of the welds at both sides (N and S) of the web, i.e. b w and h w in Fig. 5 (N = North and S = South).
-strains in the strain gauges for positioning in the test rig and for monitoring crack initiation and propagation.
-number of cycles at the visually observed crack length and NDT crack depth measurements.
-visually observed crack initiation and crack length measurements.
-number of cycles at end of crack propagation and end of test.
Testing program and test results
Tests without artificial defects
For the tests with line loads, shown in Tables 2 and 3 The "nominal" stress ranges Δσ i at the weld toe with the flange (5th column in Table 2 ) is the calculated average Δσ i = ΔF/(lx(2b w +t w )), where l and t w are respectively the length of 250 mm of the specimen and the actual web thickness of the specimen and 2b w is the sum of the fillet weld reinforcements at both weld toes with the flange. The stress range in the web (4th and 5th column in Table 3 ) is determined in two ways, i.e. the average stress range Δσ i = ΔF/(lxt w ) and that based on the measured governing strain range where the crack started; the latter with E = 2.1x10 5 N/mm 2 is used in the analysis.
Test 2LB
The governing S side for cracking had, a maximum measured Δσ i in the web of 174 N/mm 2 . Crack initiation started at 0.9x10 6 at both sides N and S. At the N side the crack remained in the weld and propagated to the weld toe of the flange but the crack stopped at 1.4x10 6 cycles, see Fig. 6 . At the N side the maximum crack depth, measured perpendicular to the web, was 6 mm.
At the S side, cracks initiated and grew from the weld toe of the flange, the weld and from the weld toe of the web, see Fig. 6 . At N = 1.4x10 6 the maximum crack lengths were reached and at the edges no further crack growth in depth was observed. At the S side the maximum crack depths, both at the weld toe with the web and with the flange were 15 mm. Fig. 7 shows the most critical cross sections at the centre; this is one of the specimens with the most severe cracks. The test was stopped at 2.08x10 6 cycles.
Test 3LA
At the weld toe with the web the governing N side had a maximum measured Δσ of 166 N/mm 2 . After 10x10 6 cycles no cracks at all were observed and the test was stopped.
Test 4LA
As shown in Fig. 8 at the N side no cracks were observed. At the S side 2 cracks initiated at 0.65x10 6 cycles at the weld toe of the flange which later joined together.
After N = 0.76x10 6 no further crack propagation was observed after the crack reached a length of 250 mm. The maximum crack depth was 17 mm.
No cracks were observed at the weld toe with the web, although at the S side the maximum measured Δσ = 222 N/mm 2 . Fig. 9 shows the cross sections with the cracks at the centre. The test was stopped at 1.3x10 6 cycles.
Tests with artificial defects at the weld toe with the flange
For the tests with artificial defects 3 tests have been carried out, i.e 2LA-K and 4LB-K with a load range of 1522 kN and test 3LB-K with a lower load range of 1140 kN.
Test 2LA-K
At the weld toe with the web the governing S side location had a measured Δσ of 196 N/mm 2 but no cracks occurred. Crack initiation started at both sides from the artificial defect at the toe of the flange; first at the S side at 0.65x10 6 and then at the N side at 0.9x10 6 .
At the S side cracks grew from the artificial defect along the weld toe of the flange and from there into the weld, see Fig. 10 . At N = 1.45x10 6 the maximum crack length was reached and at the edges no further crack growth in depth was observed. The maximum crack depth was 16 mm.
At the N side the cracks grew from the artificial defect along the weld toe of the flange, see Fig. 11 shows the most critical cross sections at the centre over a small length;
this location had the most severe cracks. The test was stopped at 2.08x10 6 cycles.
Test 3LB-K
After 10x10 6 cycles no cracks in web, weld or flange were observed and the test was stopped.
Test 4LB-K
At the weld toe with the web the governing measured Δσ at the N side was 200 N/mm 2 .
At the N side crack initiation started at about 0.34x10 6 at the weld toe with the web and grew along the weld toe. After N = 0.84x10 6 the maximum crack length of 250 mm was reached and at N = 1.04 x10 6 no further crack growth in depth was observed, see Fig. 12 . The maximum crack depth at the N side was 17 mm.
At the S side, crack initiation started at at N = 0.76x10 6 from the artificial defect at the weld toe with the flange. After N = 1.26x10 6 the crack length at the S side was 72 mm and no further growth was observed. The maximum crack depth was 12 mm. Fig. 13 shows the most critical cross sections at the centre over a length of 72 mm. The test was stopped at 1.3x10 6 cycles.
Evaluation of the test results
For the evaluation of the test results initially a lower bound of the tests results for crack initiation with an assumed inverse slope of 3 is used to determine the equivalent Δσ 2 at 2x10 6 cycles, (see the last columns in Tables 2 and 3 ). The equivalent Δσ 2 is determined considering a conservative thickness coefficient of 0.2, see Tables 2 and 3 . According to [7, 8] the recommended thickness coefficient for comparable details loaded in tension varies between 0.2 and 0.3 whereas in [5] the thickness or size effect is taken into account by relating the class for this detail loaded in tension to the flange thickness t f plus the weld depth h w .
In this paper, the data including a thickness correction are compared with the -N line for class 71 at 2x10 6 cycles for 25 mm and an inverse slope of 3 which is used in EN 1993-1-9
[5], and EN 1993-6 [6] for crane runway girders. It should be noted that IIW-XIII [7] gives a class of 80 with an inverse slope of 3 but in combination with about a 15% lower effective width. EN 13001-3-1 [9] gives for full penetration welds, depending on the quality, a class 100 or 112 also in combination with about a 15% lower effective width [1] . Both [7, 9] relate the behaviour only to  z in the web.
Cracks at the weld toe with the flange
The test results with cracks at the weld toe with the flange are summarised in Table 2 and in Figs. 14 and 15.
The first observation is that the tests without artificial defects in Since the results are all within a short life range the slope of 3 cannot be confirmed with these test results but for uniform loading both EN 1993-1-9 [5] and IIW [7] also give an inverse slope of 3. Furthermore, it should be noted that tests 3LA and 3LB-K with a stress range corrected for thickness of 112 N/mm 2 sustained 10x10 6 cycles, indicating for these tests a fatigue limit for crack initiation considerably lower than 5x10 6 cycles or a shallower slope.
Cracks at the weld toe with the web or in the weld
The test results with cracks at the weld toe with the web or in the weld are presented in Table 3 and Fig. 16 . The data also include a thickness correction and are again compared with Here, also the results with crack initiation are limited and within a short life range which means that the slope of 3 cannot be confirmed. Further, similar as for the flange, it should be noted that tests 3LA and 3LB-K with a stress range corrected for thickness of 173 N/mm 2 sustained 10x10 6 cycles, also indicating a fatigue limit considerably lower than 5x10 6 cycles or a shallower slope.
General observations
As stated in 5.1 and 5.2, the test results are within a relatively small life span. Therefore, the stress ranges modified for thickness to 25 mm are for the number of cycles to crack initiation also directly related to the S-N line for class 71 N/mm 2 used in EN 1993-1-9 [5] and EN 1993-6 [6] for crane runway girders. The ratio between the observed stress range modified to 25 mm thickness and the S-N line for class 71 are independent from the actual slope for the test results and are shown in Tables 4 and 5 .
From tables 4 and 5 it can be concluded that in all cases the ratio between the visually observed crack initiation combined with a drop in strain in the strain gauges and the S-N line for class 71 vary considerably. This is logical and expected since this depends on local defects at the weld toes and/at the weld surface. However, in all cases crack initiation started at a Δσ exceeding 1.4 times that of the class 71 S-N line. Furthermore, for the weld toe with the flange no cracks were observed for a stress range, corrected for thickness, of 112 N/mm 2 , even at 10x10 6 cycles. For the weld toe with the web or the weld itself no cracks were observed for a stress range, corrected for thickness, of 173 N/mm 2 , even at 10x10 6 cycles.
The maximum crack depth of a crack measured from one side of the web varies between 15 and 17 mm, thus to 50 to 60% of the web thickness.
The ratio between the number of cycles to crack initiation and that at which the crack(s) stop or reach the edge of the specimen in length and depth varies considerably. The smallest ratio is found for test 4LA with a ratio of 1.2 with only one crack at one side at the weld toe with the flange. The larger ratios from 1.5 up to 3.1 are found for specimens with cracks at both sides. In this case generally one of the cracks has either a small length or a smaller depth.
This larger margin between crack initiation and end of crack growth from both sides is important because the remaining area between the cracks can locally be very small as shown in Fig. 8 for test 2LA-K.
Considering test results 3LA and 3LB-K for the weld toes at the web and flange it seems that for these line load tests under compression the fatigue limit is lower than 5x10 6 cycles and class 71 will be too low, however limited data exist.
With regard to crack growth, Van de Pas and Fischer, 1996 [10] state:
Fluctuating compressive stresses in a region of residual tensile stress will cause cracks to propagate. The cracks will stop growing after the residual stress is released or the crack extends out of the tensile region. This agrees with the philosophy used in this investigation.
They further state:
To minimize fatigue cracking at the junction of the web to the top flange the AISE Technical report No. 13 [11] requires a full penetration weld plus contoured fillet welds between the web and top flange.
However, the test results of this investigation show that crack growth will stop indeed but the cracks may be larger than expected based on the expected residual tensile stress field in the outer weld layers.
Summary and conclusions
Web weld toe
-Two line load tests with a stress range corrected for thickness of Δσ = 173 N/mm 2 ) were tested to over 10x10 6 cycles without any crack initiation at all.
-Two other tests with stress ranges corrected for thickness of Δσ = 231 and 204 N/mm 2 and more than 10 6 cycles only showed cracks at the weld toe with the flange and no cracks at the weld toe with the web or in the weld.
-The observed cracks in tests developed only from one side with a depth of about 50-60% of the web depth.
Flange weld toe without artificial defects
-The line load test with a stress range corrected for thickness of Δσ = 112 N/mm 2 was tested to over 10x10 6 cycles without any crack initiation.
-The observed crack depths are about 15-17 mm at one side, measured perpendicular from the web side, sometimes in combination with a crack smaller in length and/or in depth at the other side. The end of crack growth at the less critical side could have been influenced by a certain relaxation in residual stresses due to the fact that the first crack reached the full length of the specimen.
Flange weld toe with artificial defects
-The tests did not show a significant difference between those without and those with artificial defects.
-The observed crack depths are about 15-17 mm measured perpendicular from the web side, sometimes in combination with a crack smaller in length and/or in depth at the other side.
Crack growth
-As expected crack growth stops after the cracks reach a certain depth, although it differs whether they grow from one side or from both sides.
-The depth of the cracks is considerably larger than initially expected. In case they grow from one side the depth will be about 50-60% of the web depth. Whereas in case they grow from both sides, which was only observed for cracks at the weld toe at the flange, the depth at one side will be about 50-60% of the web depth and at the other side the length and/or depth will be considerably smaller, although very locally the remaining cross section may be small.
-In case cracks grow only from one side the ratio between end of crack growth and crack initiation may be very small, about 1.2 whereas this ratio will be 1.5 -3.1 for crack growth from both sides at the weld toe with the flange.
Classification
-In EN 1993-1-9 and EN 1993-6 a class 71 N/mm 2 for 2x10 6 cycles for 25 mm is given for crane runway girders with compression loading.
-Kuhlmann et al. [3] reported that based on their rolling wheel tests for welds of 6 mm with no full penetration class 92 was obtained. Wardenier et al.
[1] conclude, based on the analysis of an actual crane runway girder with full penetration welds between the 75 mm flange and the 65 mm web that, corrected for thickness and assuming an inverse slope of 3, the observed crack initiation at the weld toe with the flange agrees with class 98 N/mm 2 at 2x10 6 cycles.
-Assuming an inverse slope of 3, the line load tests with full penetration welds, discussed in this paper, sustained 10x10 6 cycles with a stress range  of 112 N/mm 2 for the weld toes at the flange and even 173 N/mm 2 for the weld toes at the web.
-Thus, although the number of data is small, the test results for crack initiation show that class 71 N/mm 2 at 2x10 6 cycles with a fatigue limit at 5x10 6 cycles in EN 1993-1-9 and EN 1993-6 for crane runway girders seems to be too conservative for multi-layered full penetration welds loaded in compression. The more, because the comparison given is for crack initiation in the tests and not for failure. Tables   Table 1 Dimensions, steel grades and qualities of the line load test specimens   Table 2 Test results for Line loading -cracks at the weld toe with the flange Table 3 Test results for Line loading -cracks at the weld toe with the web or in the weld 
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